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Intrinsic birefringence in calcium fluoride and barium fluoride
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We report measurements of the intrinsic birefringence in CaF2 and BaF2 for wavelengths in the range 365
nm to 156 nm, andab initio optical response calculations in these materials and Si, Ge, GaAs, and GaP.
Calculations typically agree within 40%. For^110& propagation, where the effect is largest, our measurements
for CaF2@BaF2# give n^1̄10&2n^001&5(211.860.4)31027@(13463)31027# for l5156.10 nm. The magni-
tudes of these values have serious consequences for the use of crystalline optics in precision optical systems in
the ultraviolet, including 193 nm and 157 nm optical lithography.
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Optics for the visible and near ultraviolet are genera
made of glassy materials, in part because of their inhe
isotropic optical properties. However, their use in the de
and vacuum ultraviolet~VUV ! is limited by their high ab-
sorption at these wavelengths. For precision optics in
VUV, cubic crystalline materials with shorter-waveleng
transmission cutoffs are used, especially CaF2. The cubic
symmetry is generally presumed to ensure isotropy of
optical properties such as absorption and index of refract
However, as pointed out by Lorentz, even prior to the f
mulation of the macroscopic Maxwell equations, the isotro
of cubic crystals should be broken at short wavelengths
cause of a symmetry breaking from the finite value of
wave vector q of the light, resulting in an intrinsic
birefringence.1,2

Measurements of this effect, also known as spat
dispersion-induced birefringence, have been made on a n
ber of semiconductors and insulators, including Si,3 Ge,4

GaAs,5–7 GaP,6,8 ZnTe, ZnS,8 ZnSe,8,9 CuCl,10 CuBr, CuI,11

KI,12–13NaCl, KCl, RbCl, NaBr, KBr, RbBr, CsBr, NaI, RbI
and CsI.13 In this paper we report measurements of the
trinsic birefringence in the range 365 nm to 156 nm, of Ca2,
the most widely used crystalline material for precision opt
in the VUV, and BaF2, an alternate VUV material. First
principles calculations of the intrinsic birefringence are a
presented here.~Earlier, effective-mass-type calculations al
analyzed the birefringence, but were necessarily more
pirical.! Our calculations quantitatively confirm our measu
ments for CaF2 and BaF2, and other measurements for S
Ge, GaAs, and GaP. The magnitudes of the results for
fluorides have serious implications for the performance
precision optical systems in the VUV, including imaging sy
tems, spectrometers, and interferometers, that use crysta
optical components, such as lenses, beamsplitters, and
dows. For example, the value for CaF2 at 156.10 nm,n^1̄10&
2n^001&5(211.860.4)31027 for q̂i^110&, is greater than
ten times the target specification for material birefringence
157 nm lithography systems.14 ~In this paper, we quote tota
standard uncertainties.!

Our measurement method is based on determining
amount of phase compensation needed to null out light tra
mitted through an oriented sample between cros
polarizers.3 Measuring the effect as a function of waveleng
in the VUV required operation in an oxygen-free, nitroge
0163-1829/2001/64~24!/241102~4!/$20.00 64 2411
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purge environment with VUV polarizers and a phase co
pensator, and using as illumination sources a series of V
atomic spectral lines. These were obtained from carbo
emission from CO2 introduced in a custom argon mini-ar
lamp, filtered though a monochromator.15 The longer-
wavelength UV measurements were made using an e
trodeless Hg lamp. The spectral line emission was chopp
collimated by a paraboloidal mirror, and linearly polarize
by a MgF2 Rochon polarizer. The polarized light pass
through the sample on a rotation stage and a MgF2 Soleil-
Babinet compensator oriented 45° to the polarizer, and
pinged on a crossed MgF2 Rochon polarizer. Light that was
transmitted through the crossed polarizer, as a result of b
fringence of the sample or compensator, was detected b
CsI or CsSb photomultiplier tube, using a lock-in amplifie
By varying the sample mounting orientation, we demo
strated that effects of residual stress birefringence from
sample mounting were negligible.

We studied four single-crystal samples of CaF2 from three
different suppliers, which were of the form of rectangul
parallelepipeds or cubes with propagation-direction thi
nesses, 12, 20, 25, and 30 mm. Three samples each
polished faces normal to@110#, @ 1̄10#, and @001# directions
~type I!, and one sample had polished faces normal to@111#,

@ 1̄10#, and @112̄# directions~type II!. Back-reflection Laue
measurements confirmed these orientations to within
Low values of intrinsic stress in one of the samples w
confirmed by stress-birefringence measurements at 633
showing rms values of,0.20 nm/cm. We also studied tw
single-crystal samples of BaF2 of each of the two sample
types.

For every orientation of each sample, two sets of m
surements were made. First, the compensator was adju
for zero compensation, and the transmitted intensity thro
the crossed polarizer was measured as a function of the a
between a crystal axis and the plane of polarization. T
birefringenceDn was determined by fitting these results
the equation:I /I 05sin2 (pdDn/l)sin2(2u), whereI /I 0 is the
ratio of the transmitted light at a given angle to the maximu
at p relative phase andd is the thickness of the sample in th
transmission direction.12 Figure 1~a! shows results for a type
I sample using 156.10 nm radiation withq̂i@110#. The hori-
zontal axis represents the angle between the@001# sample
direction and the plane of polarization.
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FIG. 1. ~a! Intensity through crossed polarizers vs angle b
tween crystal@001# direction and the plane of polarization fo
q̂i@110# and l5156.10 nm. Sample thickness is 12.0 mm.~b!
Relative phase shift divided by 2p for two orthogonal directions
45° from the plane of polarization vs angle between crystal@001#
direction and the plane of polarization, forq̂i@110# and l
5156.10 nm. Sample and geometry are the same as for 1~a!.
24110
In a second series of measurements, the phase comp
tor was adjusted for each sample angle to zero the trans
ted intensity by compensating the sample birefringence. T
determined the angular dependence of the relative phase
through the sample between the two orthogonal polar
tions. The birefringence was derived from the maximu
relative phase shift observed and the sample thickness.
ure 1~b! shows the results for the same sample, wavelen
and sample orientations as in Fig. 1~a!. The extrema in the
relative phase shift occur for the orientation of the sam
@001# direction 45°, 135°, 225°, and 315° from the polariz
tion direction, corresponding to the maximum transmiss
intensities in Fig. 1~a!, as expected. The orientation of th
MgF2 compensator gave the sign of the birefringence. T
birefringence determined by the two methods above w
consistent within 20% for all samples, though the comp
sator method was inherently more accurate, and these ar
values presented. The birefringence was measured in
fashion for two equivalent̂110& propagation directions in
each of the three similar CaF2 samples, and for each samp
the values were within 5% of the average. Sample thi
nesses varied by over a factor of 2, and the results were
same within the estimated uncertainties, supporting our
terpretation of the measured birefringence as a bulk prope
A similar set of measurements was made forq̂i@001# for the
type I samples and forq̂i@111# for the type II samples, and
the observed birefringence was zero within the uncertain
for both directions. We also made this complete set of m
surements for the BaF2 type I and type II samples.

The value of the birefringenceDn5n^1̄10&2n^001& was de-
termined for CaF2 for six wavelengths from 365.06 to 156.1
nm, and the results, averaged over the samples, are pres
in Table I along with calculations discussed later. The ta
shows that measured CaF2 data and calculations both have
sign change, between 193.09 and 365.06 nm. Measurem
and calculations for BaF2 are also presented in Table I, whic
shows that the values for BaF2 are of opposite sign to thos
for CaF2 at the shorter wavelengths. These measurements
plotted in Figs. 2~a! and 2~b! along with the calculations@the
individual measurements on the different samples are
sented in Fig. 2~b!#. These results show that the birefringen
is small ~,1027 for CaF2) for l5365 nm, and increase
rapidly for shorter wavelengths@consistent with a 1/l2(q2)
dependence, cf. Eq.~1!#, explaining why the effect has no

-

TABLE I. Measurements and calculations of birefringence of CaF2 and BaF2 in the UV. Values at each
wavelength averaged over measurements for samples fromN different suppliers.

Wavelength~nm!

CaF2 1073(n^1̄10&2n^001&) BaF2 1073(n^1̄10&2n^001&)

N measured ~calculated! N measured ~calculated!

365.06~Hg I! 2 0.1960.04 ~0.66! 1 4.060.6 ~5.3!
253.65~Hg I! 2 20.5560.07 ~0.84! 1 9.561.1 ~12.7!
193.09~C I! 3 23.460.2 ~21.4! 1 1962 ~26.9!
175.19~C I! 1 25.760.3 ~25.2! 1 2562 ~36.4!
165.72~C I! 1 28.360.4 ~29.9! 1 2962 ~43.6!
156.10~C I! 3 211.860.4a ~219.7! 1 3463 ~52.7!

aInterpolated value for CaF2 at the excimer laser wavelength 157.63 nm isDn5(211.260.4)31027.
2-2
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been an issue for precision crystalline optics at longer wa
lengths. This high dispersion also rules out spurious st
birefringence, because of the much lower dispersion of
piezo-optical coefficients for CaF2 and BaF2.

16 Note that the
values of the birefringence at 193.09 and at 156.10 nm
large compared to the low-birefringence requirements o
number of precision UV high-numerical-aperture optics a
plications, in particular 193-nm lithography and 157-nm
thography technologies now under development.@The
157-nm lithography target specification isDn5131027 for
157 nm~Ref. 14!.#

FIG. 2. ~a! Measured~symbols! and calculated~curves! birefrin-
gence Dn5(n^1̄10&2n^001&) for CaF2 and BaF2 for q̂i@110# vs
wavelength.~b! Magnitude~log plot! of measured and calculate
birefringence vs wavelength for semiconductors, along with C2

and BaF2. ~Measured results for Si, Ge, GaAs, and GaP are ta
from Refs. 3, 4, 5, and 8, respectively.! All values are positive,
except for CaF2, whose values are negative in experiment a
theory at short wavelengths, with a zero crossing near 200
~theory! or 300 nm~measurement!.
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Symmetry analysis elucidates many aspects of the b
fringence, including its dependence on propagation direct
For a cubic crystal, the dielectric tensor may be expande
wave vector as17

« i j ~q,v!5«~v!d i j 1Skla i jkl ~v!qkql1..., ~1!

whered i j is Kronecker’sd. The productqkql and symmetry
of « i j show thata i jkl is symmetric under interchangesi↔ j
andk↔ l .17 Further, cubic symmetry reduces the number
independent components to the three familiar ones from e
ticity theory.18 An isotropic system permits two independe
tensor components.18 One component represents an incon
quential change in« proportional toq2; the other represent
an isotropic longitudinal-transverse splitting. In practic
(kla i jkl qkql is a very small correction to«, so neglecting
terms of orderq4, the propagating waves are purely tran
verse. The third component that exists in a cubic system~but
does not exist in an isotropic system! determines all observ
able anisotropies. Only this component need be conside
The related tensor elements,a1111, a1122, anda2323, appear
in the ratio 2:21:21, and this determines the angle depe
dence. Forq5(1,1,0)/21/2, the scaled eigenvalues of th
contracted tensor(kla i jkl qkql are 3/2 and21 for the trans-
verse@ 1̄10# and@001# directions, respectively. Measuring th
associated birefringence for one propagation direction de
mines the magnitude of the anisotropic response of the c
tal for all propagation directions. Interestingly, a cubic cry
tal has seven nonbirefringent axes, four in the^111&
directions and three in thê100& directions, with birefrin-
gence maxima in the twelvê110& directions.

In practice, precision CaF2 UV lenses are usually mad
with ^111& or ^100& as the axis of propagation. For a circul
lens with a given numerical aperture~NA!, only the variation
in the index for propagation within the included angles w
matter. Because there is no birefringence for propagation
actly along^111& ~or ^100&! and small near these direction
the full effect of the birefringence can be avoided for sm
NA, but not for the high NA values used in photolithograph
The maximum effect is realized for propagation directio
within the material of angles cos21@(2/3)1/2#'35.26° ~or
45°!. In Fig. 3, the practical effect of the measured birefri
gence is shown. Azimuthal averages around the@111# and
@100# directions are given. The polarization splitting h
been measured in this work. However, this splitting also
termines the directional dependence of the polarizati
averaged dielectric constant, which is also shown and is
nificant for lens design. Note that the birefringence ha
weaker angular dependence near the@100# direction com-
pared to near the@111# direction, because of an extremum
the @100# direction, suggesting an advantage for@100# ori-
ented lenses.

We have also, for the first time, estimated the anisotro
by rigorous first-principles calculations of the dielectric te
sor as a function ofq̂ andv. The dielectric tensor was com
puted using the method of Benedictet al.,19 extended to fi-
nite q according to Soininen and Shirley.20 These
calculations included both local-field and excitonic effec
and took only the crystal structure and static dielectric fu

n

m
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tion from experiment. Results depended on several num
cal convergence parameters, and convergence and co
tency tests suggest a 15% relative uncertainty of
birefringence ~unless it is accidentally very small!. To
achieve this precision, several spurious, previously irrelev
symmetry-breaking effects in«(;1023) were reduced by
;104 through program refinements. The present results
flect sampling of all valence bands and 12 conduction ba
in the semiconductors, with 1000 Brillouin zone~BZ! points

FIG. 3. Index anisotropy, scaled according toDn511.231027

for q̂i@110#. Results are shown for quantities azimuthally averag
about a^111& or ^100& axis at a given angle of deviation from tha
axis,u, as follows: root-mean-squared~rms! index difference~bire-
fringence!, and difference between the polarization-averaged ind
nav, and the index for propagation along that nonbirefringent a
(n^111& or n^100&).
m

s

.

M

-

a-

lid

24110
ri-
sis-
e

nt

e-
s

in Ge and GaAs, and 1728 BZ points in Si and GaP. T
CaF2 results reflect sampling of 12 valence and 66 cond
tion bands and 512 BZ sampling points. BaF2 results in-
cluded 24 conduction bands. The results for the fluorides
shown in Fig. 2, with the measurements. Note~cf. Table I!
that the sign ofDn is opposite between CaF2 and the other
materials, in experiment and theory for short wavelengt
and there is a zero crossing near 200 nm. The results for
semiconductors are also shown in Fig. 2~b!. The typical
agreement of these calculations with the measurements
all materials is within 40%, except for CaF2 near the zero
crossing. The agreement in sign, wavelength depende
and magnitude with the measurements for CaF2 and BaF2
further confirms our attribution of the measured effect
spatial-dispersion-induced birefringence. Further, these
sults demonstrate that the Bethe-Salpeter equation ma
applied to a rather subtle phenomenon—the spatial dis
sion of the birefringence in cubic materials—which has n
been the result of any previousab initio calculation.

The magnitudes of the intrinsic birefringences in cub
crystalline optics determined by measurement and calc
tion are large enough to have serious consequences for
cision UV optical technologies under consideration and
velopment. However, the symmetry of the effect m
provide a solution to the difficulties. Combining@111#-
oriented~@100#-orientated! lenses with their transverse crys
tal axes rotated relatively by 60°~45°! provides partial com-
pensation of the birefringence. The opposite sign of
effect for CaF2 and BaF2 suggests combining optical compo
nents of both materials; moreover, an appropriate mix
solid solution Ca12xBaxF2 could eliminate the effect at a
given wavelength.21
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